Introduction {#sec1-1}
============

Chimeric antigen receptor (CAR) T cell immunotherapy uses engineered T cells for recognizing tumor antigens in an HLAindependent manner, thereby killing tumor cells. In 2017, the US Food and Drug Administration (FDA) approved CD19-CAR T cell product Tisagenlecleucel (Novartis) for the treatment of acute lymphoblastic leukemia.^[@ref1]^ Subsequently, Axicabtagene ciloleucel (Kite Pharma) was approved for the treatment of diffuse large B-cell lymphoma in adults.^[@ref2]^ In recent years, many attempts of CAR T cell therapy has been made in the treatment of solid tumors such as hepatocellular carcinoma (NCT02715362),^[@ref3]^ breast cancer, glioma, lung cancer (NCT02713984),^[@ref4]^ ovarian cancer and pancreatic ductal adenocarcinoma.^[@ref5]^ However, CAR T cell therapy still faces many challenges in treating solid tumors. First, it is difficult to obtain ideal tumor-specific targets for CARs. Second, the number of CAR T cells reaching the tumor site is not enough to completely kill the tumor cells after trafficking *in vivo*. Finally, the tumor microenvironment is generally immunosuppressive, which inhibits CAR T cell function.^[@ref6]^

TGF-β is one of the factors that help tumor cells escape surveillance by the immune system and promote tumor cell proliferation, metastasis, and invasion.^[@ref7]^ TGF-β ligands include TGF-β1, TGF-β2, and TGF-β3. In particular, TGF-β1 inhibits IFNγ secretion by CD4^+^ T cells^[@ref8]^ and CD8^+^ T cells,^[@ref9]^ and proliferation of CD8^+^ T cells.^[@ref10]^

Galunisertib is an oral TGF-β receptor type I (TGF-βRI) small molecule inhibitor that can regulate T cell function and improve immunosuppressive tumor microenvironment. Specifically, Galunisertib can reverse the inhibitory effect of TGF-β1 on the proliferation of CD8^+^ T cells and the immunosuppressive effect of Treg cells, and promote the infiltration of T cells into tumor tissues. ^[@ref10]^ In addition, in 2013, Galunisertib was granted orphan drug designation for the treatment of liver cancer by the European Medical Agency (EMA) and US FDA. Galunisertib is being used in clinical trials for the treatment of hepatocellular carcinoma, glioblastoma, and pancreatic cancer.^[@ref11]^ Galunisertib may improve the immunosuppression of tumor microenvironment in CAR T cell therapy by regulating T cell function. At present, researches using the combination of Galunisertib and CAR T cells have not been reported. In this study, we investigated the regulatory effect of Galunisertib on the functions of CD133-CAR T and HER2-CAR T cells when targeting solid tumor cells.

Materials and Methods {#sec1-2}
=====================

Cell lines {#sec2-1}
----------

Human glioma cell line U251, breast cancer cell lines MDAMB- 453 and MDA-MB-468 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The plasmids encoding human CD133 protein and piggyBac transposase were nucleofected into U251 to obtain a glioma cell line with CD133 overexpression (U251 CD133-OE) after drug selection. Similarly, plasmids expressing firefly luciferase and piggyBac transposase were nucleofected into U251 CD133-OE, U251, MDA-MB-453, and MDA-MB-468 cells to acquire U251 CD133- OE luc, U251 WT luc, MDA-MB-453 luc, and MDA-MB-468 luc cells.^[@ref12]^ MDA-MB-453 and MDA-MB-468 were also transduced with lentiviral vectors encoding firefly luciferase, GFP, and puromycin resistance gene (FFluc.-GFP-T2A-Puro, Public Protein/Plasmid Library, Nanjing, China) to obtain cell lines MDA-MB-453 GFP and MDA-MB-468 GFP.

Flow cytometry {#sec2-2}
--------------

The cells to be stained were collected, centrifuged to remove the medium, and washed once with FACS buffer (PBS + 0.5% BSA + 2 mM EDTA). Then Antibodies were used to label the surface antigens following the instructions provided by the antibody suppliers, and the cells were washed with FACS buffer to remove non-specific binding. Finally, the stained cells were resuspended in FACS buffer and analyzed in a flow cytometer. CAR expression was analyzed with an anti-c-Myc antibody (clone 9B11, 2276S, Cell Signaling Technology, Boston, MA, USA). Antibodies used to detect T cell differentiation included anti-CD8 (557746, BD Biosciences, Bedford, MA, USA), anti-CD45RO (559865, BD Biosciences), and anti-CD62L (562719, BD Biosciences) antibodies. Tumor antigen expression was measured with antibodies against CD133 (130-098-826, Miltenyi Biotec, Bergisch Gladbach, Germany) or HER2 (BMS120Fl, ThermoFisher Scientific, Waltham, MA, USA). Activation markers on CAR T cells were detected by anti-CD69 (555533, BD Biosciences) antibody.

Cytotoxicity assay {#sec2-3}
------------------

U251 CD133-OE luc (or MDA-MB-453 luc) were co-cultured with CD133-CAR T cells (or HER2-CAR T cells) in plates according to different effector to target ratios. The number of target cells was 1 × 10^4^ per well, and 0.1 μM, 1 μM, or 10 μM Galunisertib was added. As Galunisertib was stocked in DMSO, DMSO was diluted by 10^3^, 10^4^, and 10^5^ folds to ensure that the DMSO content in the corresponding control group was equal. And a medium control group (R-10) was also set. After CD133-CAR T cells and U251 CD133-OE luc cells were co-cultured for three days, firefly luciferase substrate was added, and the bioluminescence signal was detected with an Enspire microplate reader (PerkinElmer, Waltham, MA, USA). After 15 min of continuous measurement, the stable signal value was used to calculate the lysis rate of tumor cells according to the formula: (\[signal value of tumor cell alone well - signal value of co-culture well\]/signal value of tumor cell alone well). Similarly, after 24 h, the bioluminescence signal in the co-culture of HER2-CAR T cells and MDA-MB-453 luc cells was detected, and the tumor cell lysis rate was calculated too.

To observe the cytotoxicity of HER2-CAR T cells directly, tumor cells expressing GFP (MDA-MB-453 GFP or MDA-MB- 468 GFP) were seeded into 48-well plate for one day. Then HER2- CAR T cells were added according to an effector-to-target ratio of 1:1. 24 hours later, images were taken under microscope (Axio Observer.A1, ZEISS, Oberkochen, Germany).

Real-time cell analysis {#sec2-4}
-----------------------

U251 CD133-OE luc or U251 WT tumor cells were seeded in E-plate (ACEA Biosciences, San Diego, CA, USA) at 1 × 10^4^ per well. One day later, CD133-CAR T cells were added to the wells with an effector-to-target ratio of 2:1, and 1 μM Galunisertib or DMSO was added with the total co-culture volume of 200 μL. The xCELLigence RTCA instrument (ACEA Biosciences) was used to detect the changes of tumor cells and produce the real-time cellindex curve.

Cytokine secretion {#sec2-5}
------------------

2 × 10^5^ CD133-CAR T cells and 1 × 10^5^ U251 CD133-OE luc cells were co-cultured in 200 μL R-10 in a 96-well plate; 1 μM or 10 μM Galunisertib was added to the cells, and DMSO and medium (R-10) were used in control groups. HER2-CAR T cells and their corresponding target cells MDA-MB-453 luc were treated similarly. For NT cells, no tumor cells were added, but Transact was added as activator. In the above three experiments, the supernatant was collected after 24 h, and TNFα, GM-CSF, IL-2, and IFNγ were detected using AlphaLISA kits (TNFα, AL208C; GMCSF, AL216C; IL2, AL221C; and IFNγ, AL217C) from PerkinElmer. TGF-β1 secretion was measured by ELISA (EHC107b.96, NeoBioscience, Shanghai, China).

Cell proliferation {#sec2-6}
------------------

CD133-CAR T cells, HER2-CAR T cells, and NT cells were labeled with 0.5 μM CFSE (Carboxyfluorescein Diacetate Succinimidyl Ester, 65-0850-84, ThermoFisher Scientific) according to the method provided by the CFSE manufacturer. Irradiated U251 CD133-OE luc and MDA-MB-453 luc were used as target cells. 1 × 10^6^ CAR T cells and 5 × 10^5^ target cells were co-cultured in a 24-well plate (1 mL per well). NT cells were activated with Transact. Galunisertib was added, and the controls include DMSO and cell culture medium (R-10). The successful CFSE labeling was confirmed by flow cytometry on the first day, and the CFSE signal was detected again four days later to analyze T cell proliferation.

Western blot {#sec2-7}
------------

1 × 10^6^ T cells were treated with 0.1 μM, 1 μM, or 10 μM Galunisertib for 24 h in a 48-well plate, and DMSO was used as control. The cells were collected, washed with PBS, lysed by ultrasound, and boiled in a metal bath. The proteins were separated by SDS-PAGE and transferred onto a PVDF membrane by a semi-dry transfer method. The membrane was blocked with 5% BSA for 2 h and incubated with the anti-smad3 (EP823Y, Abcam, Cambridge, UK) or anti-GAPDH (sc-32233, Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibody at 4°C overnight. After incubating with Peroxidase-conjugated AffiniPure Donkey Anti-Rabbit IgG (H + L) (711-035-152, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or Peroxidase-conjugated AffiniPure Donkey Anti-Mouse IgG (H + L) (715-035-150, Jackson ImmunoResearch Laboratories) for 1 h at room temperature, the proteins were detected with a Bio-Rad ChemiDoc MP chemiluminescence imaging system (Bio-Rad, Hercules, CA, USA).

Statistical analysis {#sec2-8}
--------------------

Statistical analysis of cell lysis rate and cytokine concentration was performed using Prism 6.0 software (GraphPad Software, San Diego, CA, USA). In the significance analysis, one-way ANOVA was used; \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001; \*\*\*\*P\<0.0001.

Results {#sec1-3}
=======

Preparation of CD133-CAR T cells and HER2-CAR T cells {#sec2-9}
-----------------------------------------------------

The scFv sequence in CD133-CAR was derived from an antihuman CD133 antibody. The detailed CAR information has been described in our previous work.^[@ref13]^ Similarly, HER2-CAR piggyBac transposon plasmid was constructed by gene synthesis and conventional molecular cloning methods. Anti-HER2 scFv sequence was from monoclonal antibody clone 4D5.^[@ref14]^ The piggyBac transposon plasmids were delivered into PBMC by nucleofection. Then T cells were activated with CD3/CD28 magnetic beads (11141D, ThermoFisher Scientific) for the first round of expansion. For the second round of expansion, CAR T cells were activated with CD3 antibody (130-093-387, Miltenyi Biotec, Bergisch Gladbach, Germany), and feeder cells were supplemented. At the end of the expansion, the expression of CAR and the degree of cell differentiation were analyzed by flow cytometry. Taking HER2-CAR T cells as an example, 79.63% of cells were CD8 positive ([Figure 1A](#fig001){ref-type="fig"}), and almost all the cells are CAR positive ([Figure 1B](#fig001){ref-type="fig"}) in one representative experiment. [Figure 1C](#fig001){ref-type="fig"} showed the differentiation degree of HER2-CAR T cells, in which central memory T cells (CD62L^+^ CD45RO^+^) and effector memory T cells (CD62LCD45RO^+^) accounted for 42.59% and 45.65%, respectively.

Galunisertib enhanced the specific cytotoxic ability of CD133- or HER2-CAR T cells {#sec2-10}
----------------------------------------------------------------------------------

To investigate the function of Galunisertib on the killing ability of CAR T cells against tumor cells, CD133- or HER2-CAR T cells were co-cultured with the glioma cell line U251 CD133-OE luc or breast cancer cell line MDA-MB-453 luc, respectively. And 0.1 μM, 1 μM, or 10 μM Galunisertib was added into the co-culture. When the effector to target ratio was 2:1, compared to the DMSO (with the same dilution fold) group, 10 μM Galunisertib increased the killing from 50% to 90% ([Figure 2A](#fig002){ref-type="fig"}). Similarly, compared with the medium control group (R-10), the killing effect was also increased from 70% to 90%. When the effector to target ratio was 1:1, Galunisertib also significantly promoted the killing effect ([Figure 2B](#fig002){ref-type="fig"}). DMSO inhibited the cytotoxicity of CD133-CAR T cells slightly ([Figure 2](#fig002){ref-type="fig"} A,B). Furthermore, when the effector to target ratio were 1:1 and 1:3, Galunisertib also significantly increased the cytotoxicity of HER2-CAR T cells against MDA-MB-453 luc ([Figure 2](#fig002){ref-type="fig"} D,E).

![Analysis of the phenotype of HER2-CAR T cells after two rounds of expansion by flow cytometry. HER2-CAR T cells were stained with (A) anti-CD8 antibody, (B) anti-c-Myc antibody, and (C) anti-CD45RO and anti-CD62L antibodies. The negative control was unstained HER2-CAR T cells.](ejh-64-s2-3122-g001){#fig001}

Galunisertib could significantly increase the killing effect of CAR T cells on tumor cells, but it was uncertain whether it is because of Galunisertib regulating CAR T cells or directly killing tumor cells, or inhibiting tumor progression. To answer this question, U251 CD133-OE luc cells and MDA-MB-453 luc cells were treated by Galunisertib or DMSO control alone. Galunisertib had no significant toxicity on either U251 CD133-OE luc cells or MDA-MB-453 luc ([Figure 2](#fig002){ref-type="fig"} C,F). Therefore, Galunisertib enhanced the tumor-killing effect mainly by regulating CAR T cells in the co-culture.

To further study whether the combination of Galunisertib and CAR T cells was also specific for killing tumor cells, tumor cell lines with low expression of antigens were used as target cells. U251 WT luc cells were glioma cells with low expression of CD133 ([Figure 3A](#fig003){ref-type="fig"}). Without Galunisertib in the co-culture, CD133-CAR T cells were able to kill U251 CD133-OE luc cells specifically ([Figure 3B](#fig003){ref-type="fig"}). When 1 μM Galunisertib was added, cell viability was detected by real-time cell analysis. CD133-CAR T cells could kill U251 CD133-OE luc cells, but had no apparent killing on U251 WT cells ([Figure 4A](#fig004){ref-type="fig"}). Similarly, MDA-MB-468 luc cells expressed HER2 at a low level ([Figure 3C](#fig003){ref-type="fig"}). Without Galunisertib in the co-culture, HER2-CAR T cells could specifically kill MDA-MB-453 luc cells ([Figure 3D](#fig003){ref-type="fig"}). Moreover, to directly view the specific cytotoxicity, tumor cells expressing GFP (MDA-MB-453 GFP or MDA-MB-468 GFP) were used as target cells, and the cultured cells were observed under microscope. As shown in [Figure 3E](#fig003){ref-type="fig"}, compared to MDA-MB-453 GFP alone, HER2-CAR T cells and MDA-MB-453 GFP formed clumps, and there were less GFP positive tumor cells in the co-culture well. However, no apparent difference was found between MDA-MB- 468 GFP alone and the co-culture of HER2-CAR T cells and MDA-MB-468 GFP. When Galunisertib was added, the combination of Galunisertib and HER2-CAR T cells still could only kill MDA-MB-453 luc cells, not MDA-MB-468 luc cells ([Figure 4B](#fig004){ref-type="fig"}).

![Galunisertib significantly increased the killing of tumor cells by CAR T cells. U251 CD133-OE luc and CD133-CAR T cells were co-cultured in a 96-well plate with an effector to target ratio of (A) 2:1 or (B) 1:1, and Galunisertib was added at the same time, and the cell lysis rate was measured three days later. C) U251 CD133-OE luc cells were treated with Galunisertib alone for three days, and the cell lysis rate was analyzed. MDA-MB-453 luc cells were co-cultured with HER2-CAR T cells with an effector to target ratio of (D) 1:1 or (E) 1:3. Galunisertib was added simultaneously, and the cell lysis rate was analyzed one day later. F) MDA-MB-453 luc was treated with Galunisertib alone, and the cell lysis rate was determined one day later. Gal, 10 μM, 1 μM, or 0.1 μM Galunisertib was added to the culture; DMSO, a DMSO control at the same dilution fold as Galunisertib; R-10, a medium control.](ejh-64-s2-3122-g002){#fig002}

Galunisertib increased the cytokine secretion of CD133- CAR T cells, HER2-CAR T cells, and NT cell {#sec2-11}
--------------------------------------------------------------------------------------------------

To investigate the effect of Galunisertib on the cytokine secretion of CAR T cells, CD133-CAR T cells were co-cultured with U251 CD133-OE luc. Galunisertib (1 μM or 10 μM) was added to the coculture, and the control group included DMSO and culture medium R- 10. Supernatants were collected 24 h later, and the secretion of TNFα, GM-CSF, IL-2, and IFNγ was detected by AlphaLISA. The secretion of all four cytokines by CD133-CAR T cells was increased significantly when Galunisertib concentration was 1 μM or 10 μM ([Figure 5A](#fig005){ref-type="fig"}). A similar method was used to analyze the cytokine secretion of HER2-CAR T cells when co-cultured with MDA-MB-453 luc cells. As shown in [Figure 5B](#fig005){ref-type="fig"}, 1 μM Galunisertib could significantly enhance the secretion of GM-CSF, IL-2 and IFNγ, but not TNFα. To further study whether Galunisertib's stimulatory effects on cytokine secretion depend on CAR signals, Transact was used to activate NT cells, which did not express CAR. After co-culture with different concentrations of Galunisertib for 24 h, the supernatant was taken, and the cytokines were measured. 1 μM Galunisertib could significantly promote the secretion of TNFα, GM-CSF, IL-2, and IFNγ by NT cells ([Figure 5C](#fig005){ref-type="fig"}), which was similar to CD133-CAR T cells.

![CAR T cells could specifically kill target cells. A) Flow cytometric analysis of CD133 expression on the surface of target cells. B) According to different effector to target ratios, CD133-CAR T cells were co-cultured with U251 CD133-OE luc or U251 WT luc for three days, respectively, and then tested for lysis rate. C) Flow cytometry analysis of HER2 expression on the surface of target cells. D) HER2-CAR T cells were co-cultured with MDA-MB-453 luc or MDA-MB-468 luc for one day and tested for lysis rate. E) Tumor cells expressing GFP (MDA-MB-453 GFP or MDA-MB-468 GFP) were cultured alone or co-cultured with HER2-CAR T cells for one day. Then images of the cells were taken under microscope.](ejh-64-s2-3122-g003){#fig003}

Galunisertib did not affect the proliferation of CD133- CAR T cells, HER2-CAR T cells, and NT cells {#sec2-12}
---------------------------------------------------------------------------------------------------

To determine the regulatory effect of Galunisertib on T cell proliferation, CFSE-labeled T cells and irradiated target cells (or T cell activator) were co-cultured, and 0.1 μM, 1 μM, or 10 μM Galunisertib was added. The control group included DMSO and R- 10. U251 CD133-OE luc, MDA-MB-453 luc, or Transact was used to activate CD133-CAR T cells, HER2-CAR T cells, or NT cells, respectively. After four days, CFSE signals were analyzed by flow cytometry to analyze cell proliferation. [Figure 6A](#fig006){ref-type="fig"} shows that NT cells activated with Transact proliferated dramatically compared to unstimulated control; 0.1 μM, 1 μM, or 10 μM Galunisertib had no significant effect on the proliferation of NT cells, CD133-CAR T cells, and HER2-CAR T cells ([Figure 6](#fig006){ref-type="fig"} B-D).

![Galunisertib significantly enhanced the specific killing of tumor cells by CAR T cells. A) U251 CD133-OE luc or U251 WT cells were seeded into E-plate. One day later, CD133-CAR T cells and 1 μM Galunisertib (Gal) were added, and DMSO or medium (R-10) was used as control. Cell viability (Cell Index) of tumor cells was monitored in real-time. B) HER2-CAR T cells were co-cultured with different target cells (MDA-MB-453 luc or MDA-MB-468 luc), and 1 μM Galunisertib (Gal) was added simultaneously; 24 h later, the lysis rate was determined.](ejh-64-s2-3122-g004){#fig004}

Galunisertib regulating CAR T cell function may be achieved by blocking TGF-β1-mediated signaling {#sec2-13}
-------------------------------------------------------------------------------------------------

To investigate whether Galunisertib's effects on the cytotoxicity and cytokine secretion of CD133-CAR T cells and HER2-CAR T cell were mediated by blocking TGF-β1 signal, we first examined the level of TGF-β1 in the cell supernatant of the co-culture system. CD133-CAR T cells or HER2-CAR T cells were co-cultured with U251 CD133-OE luc or MDA-MB-453 luc cells, respectively. NT cells were activated with Transact. The supernatant in the culture was collected 24 h later, and TGF-β1 was measured by ELISA. TGF-β1 secretion was clearly detected in all the three co-cultures ([Figure 7](#fig007){ref-type="fig"}).

![Galunisertib significantly increased cytokine secretion of T cells. Galunisertib (Gal) was added into (A) the co-culture of CD133-CAR T cells and U251 CD133-OE luc cells or (B) the co-culture of HER2-CAR T cells and MDA-MB-453 luc cells. C) NT cells were stimulated with Transact, while Galunisertib was added. After co-culture for 24 h, the supernatants were collected and tested for the secretion of four cytokines (TNFα, GM-CSF, IL-2, and IFNγ) using AlphaLISA.](ejh-64-s2-3122-g005){#fig005}

![Galunisertib did not affect T cell proliferation. (A) and (B) NT cells, (C) CD133-CAR T cells, and (D) HER2-CAR T cells were labeled with 0.5 μM CFSE. (A) NT cells were cultured with (+Transact) or without Transact (control). B-D) Different T cells were activated with Transact, irradiated U251 CD133-OE luc and MDA-MB-453 luc cells, respectively. Meanwhile, Galunisertib was added, and DMSO or culture medium (R-10) was used as control. After four days, CFSE signals in T cells were detected by flow cytometry.](ejh-64-s2-3122-g006){#fig006}

In addition, Galunisertib did not significantly regulate the TGF-β1 secretion by T cells.

Previous mechanism studies have shown that TGF-β1-mediated signaling can cause phosphorylation of Smad2/3. To confirm the molecular mechanism of the action of Galunisertib, western blotting was used to detect phosphorylated Smad3 in T cells after treatment with 0.1 μM, 1 μM, or 10 μM Galunisertib for 24 h. As shown in [Figure 8](#fig008){ref-type="fig"}, 10 μM Galunisertib could significantly reduce the amount of phosphorylated Smad3 protein in CD133-CAR T cells and HER2-CAR T cells, indicating that Galunisertib may promote T cell function by blocking TGF-β1-mediated signals.

Galunisertib has no effect on the expressions of antigens on target cells and activation markers on CAR T cells {#sec2-14}
---------------------------------------------------------------------------------------------------------------

To investigate whether Galunisertib enhancing CAR T cell function was caused by increasing target antigen expression on tumor cells, we treated U251 CD133-OE luc and MDA-MB-453 luc with Galunisertib, DMSO or cell medium (D-10). And then we used flow cytometry to detect CD133 or HER2 on tumor cells. The results show that Galunisertib has no effect on antigen expression levels (Figure S1). To further study whether Galunisertib affect CAR T cell activation, CD133-CAR T cells or HER2-CAR T cells were activated with U251 CD133-OE luc or MDA-MB-453 luc cells, respectively. Meanwhile, Galunisertib was added, and DMSO or culture medium (R-10) was used as control. After two days, CD69 on T cells were detected by flow cytometry. As shown in Figure S2, Galunisertib has no effect on activation marker expression of CAR T cells.

Discussion {#sec1-4}
==========

This study has shown that Galunisertib could enhance the cytotoxicity of CD133- or HER2-CAR T cells against U251 CD133- OE luc or MDA-MB-453 luc cells *in vitro*. Moreover, Galunisertib promoted cytokine secretion by CD133-CAR T cells, HER2-CAR T cells, and NT cells. Galunisertib promoted TNFα secretion from CD133-CAR T cells and NT cells, but did not affect HER2-CAR T cells. The difference in the effects of Galunisertib on different CAR T cells may be related to molecular signals in CAR T cells or tumor cells that were used to activate CAR T cells. The activated NT cells secreted TGF-β1, and the expression of TGF-β1 was also detected in the co-culture of CD133-CAR T cells or HER2-CAR T cells with their target cells. Galunisertib enhanced T-cell killing of tumors may be achieved by blocking TGF-β1-mediated signals.

The binding of TGF-β ligand to TGF-β receptor II (TGF-βRII) initiates the TGF-β signaling pathway. Subsequently, TGF-β receptor I (TGF-βRI) forms a heterotrimeric complex with the ligand and TGF-βRII. This complex phosphorylates serine/threonine kinase domains of TGF-βRI, which subsequently activates the classical Smad2/3 signaling pathway and the non-classical mitogen- activated protein kinase (MAPK) pathway.^[@ref15]^ Galunisertib (molecular formula: C₂₂H₁₉N₅O; molecular weight: 369.42 Da) is an oral small-molecule inhibitor of TGF-βRI. Galunisertib antagonizes TGF-β signaling by blocking TGF-β receptor-activated Smad phosphorylation.^[@ref16]^ Studies have shown that Galunisertib could reduce the transmission of the TGF-β downstream Smad2/3 signal in hepatocellular carcinoma,^[@ref17]^ which was also found in ovarian cancer.^[@ref18]^ In our study, Galunisertib significantly reduced Smad3 protein phosphorylation in CD133-CAR T cells, HER2-CAR T cells.

![T cells secreted TGF-β1 upon activation. (A) CD133-CAR cells and (B) HER2-CAR T cells were activated with U251 CD133- OE luc and MDA-MB-453 luc cells, respectively. C) NT cells were stimulated with Transact. After co-culture for 24 h, the supernatants were collected and the TGF-β1 secretion was detected by ELISA.](ejh-64-s2-3122-g007){#fig007}

![Galunisertib could block Smad3 phosphorylation in CAR T cells. CD133-CAR T and HER2-CAR T cells were treated with 0.1 μM, 1 μM, or 10 μM Galunisertib (Gal), with DMSO (-) and culture medium (R-10) as controls. After 24 h, the amount of phosphorylated Smad3 in CAR T cells was detected by western blotting.](ejh-64-s2-3122-g008){#fig008}

It was reported that Galunisertib inhibited the proliferation, migration, and invasion of high-grade serous ovarian cancer (HGSOC) cells^[@ref18]^ *in vitro*. Galunisertib also inhibited the proliferation of microglia^[@ref19]^ and breast cancer cell line 4T1.^[@ref20]^ However, in this study, Galunisertib had no direct toxicity on glioma cell line U251 and breast cancer cell line MDA-MB-453 *in vitro*, which means that tumor cells we used are not sensitive to Galunisertib treatment.

TGF-β inhibits the transcription of genes encoding multiple key proteins of the "cytotoxic program" (such as perforin and granzyme A, B, Fas ligand, and IFNγ), and thus the cytotoxicity of CD8^+^ T cells.^[@ref21]^ In this work, it was further confirmed that the addition of Galunisertib, a TGF-β receptor I inhibitor, to the culture system could enhance the ability of CAR T cells to kill tumors. TGF-β1 inhibits IL-2 production and TCR-mediated proliferation through the Smad3 pathway.^[@ref24]^ In our study, Galunisertib could reduce the phosphorylation of Smad3 and promote the secretion of IL-2 by CD133-CAR T cells, HER2-CAR T cells, and NT cells. However, in the proliferation experiment, the addition of Galunisertib was not found to promote the proliferation of T cells. The reason for this may be that Galunisertib did not change the pathway that regulated T cell proliferation. Studies have shown that the mechanisms regulating killing and proliferation are different. For example, IL-2 could regulate the expression of perforin and granzyme genes in CD8^+^ T cells, which was not dependent on its effect on cell survival and proliferation.^[@ref25]^ Research by Chen et al. also showed that T regulatory cells inhibited the cytotoxicity of CD8^+^ T cells through the TGF-β receptor on the surface, but did not inhibit the proliferation of CD8^+^ T cells.^[@ref26]^ The above points indirectly explain the reason that the addition of Galunisertib failed to promote T cell proliferation, but the killing function of T cells was improved.

The clinical trials using Galunisertib for treatment of myelodysplastic syndrome (MDS, phase II/III, NCT02008318),^[@ref27]^ pancreatic cancer (phase II, NCT01373164),^[@ref28]^ glioblastoma (phase II, NCT01582269),^[@ref29]^ and hepatocellular carcinoma (stage II, NCT01246986)^[@ref30]^ are ongoing. The initiation of those late-stage trials indicates that the clinical use of Galunisertib alone is relatively safe, which provides a safety study basis for the clinical treatment of solid tumors using Galunisertib combined with CAR T cells.

Resistance to Galunisertib often appeared in recruited patients, which limited its clinical application.^[@ref31]^ In order to solve the problem, researchers have tried the combined use of Galunisertib and immune checkpoint inhibitors to treat tumors in clinical trials. For example, Galunisertib combined with Nivolumab is being used to treat hepatocellular carcinoma and non-small cell lung cancer (NSCLC) (NCT02423343),^[@ref32]^ and with Durvalumab to treat pancreatic cancer (NCT02734160).^[@ref33]^ In addition, given the immunosuppressive properties of TGF-β, Hou *et al*. designed CAR T cells specifically targeting TGF-β to improve the anti-tumor immune responses.^[@ref34]^ However, such CAR T cells that target TGF-β could not specifically target tumor cells. We used Galunisertib in combination with CD133-CAR T cells, or HER2-CAR T cells, which may not only improve the suppression of immune microenvironment, but also specifically target tumor cells expressing CD133 or HER2, respectively.

In summary, Galunisertib promoted the functions of CD133- CAR T and HER2-CAR T against solid tumor cells *in vitro*. This discovery provides a new strategy for small-molecule inhibitors combined with CAR T cells to treat tumor cells, and a basis for *in vivo* study of Galunisertib combined with CAR T cells in animal models. Based on our findings, clinical trials using the combination will be promising in the future.
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